When malignant cells, animal and human, were exposed in vitro to solutions of heavy metals oi other selected compounds, three types of cell blebs were produced: (1) acentric blebs, arising from one side of the cell, e. g., by chlormerodrin, meralluride sodium, mercuric chloride; (2) symmetrical blebs; which completely enveloped the cell, e. g., by strong silver protein, auric chloride, p-chloromercuribenzoate; (']) scallop blebs, numerous small spherical elevations which completely covered the cell, e.g., by N-ethyl-maleimide, trivalent arsenicals, iodoacetamide. As indicated by vital stains and morphologic appearance, the blebs arose in healthy cells. They also can be made to appear in vivo in ascites tumor cells by intraperitoneal administration of a blebbing agent. All the bleb-producing chemicals have the property of reacting with protein-sulfhydryl groups by alkylation, oxidation or mercaptide formation. The three bleb types have been induced in 8 mouse and 2 rat ascites tumor cells; in 4 human and 1 mouse malignant cell lines; and in 3 normal cell lines grown in tissue culture. In contrast, cells from normal solid tissues of liver, lung, spleen, kidney, testis and brain from mouse, rat and rabbit failed to produce blebs. A possible interpretation for these observations is presented.
INTRODUCTION
Although water comprises more than half the volume of animal ceils, the mechanism of its passage across the cell boundary and its utilization within the cell is still largely an enigma. Perhaps the most generally accepted explanation at this time is that water permeability of mammalian cells is governed by differences in osmotic pressure between the extracellular fluid and the cell interior, provided that cell metabolism is proceeding normally (38) .
During the past several years, however, there has been increasing evidence that permeability to water and electrolytes may, in certain instances, be influenced by specific chemical agents. This appears well established for the induction of diuresis as a result of some direct effect of organic mercurials on the kidney (21, 4) . Studies made to identify the renal site of action have implicated the cells of the proximal tubules (8, 16, 33, 43, 45, 46, 51) ; others, however, have considered the distal or other portions of the tubule as the active site (14, 31, 4.8, 50) ; still others have concluded that the exact region where the interference in absorption is produced remains to be determined (34, 36, 49) .
Some investigations have indicated that the enzyme, succinic dehydrogenase, may in some manner be connected with the production of diuresis, due to blocking the participation of the enzyme in the normally operating redox mechanism (22, 32, 37, 46, 47) . Also, the inhibition of protein sulfhydryl groups in kidney cells has been associated with, or considered responsible for, the diuretic ctlcct (10, 15, 18, t9, 20) .
Although an explanation for the induction of diuresis by mercurial agents is not yet available, it is evident that they exert some chemical action on certain kidney cells so as to intluence their capability to reabsorb water and salts, i.e., their permeability to these substances is altered. It was therefore considered of interest to ascertain whether the permeability of other cell types might bc similarly influenced. The experiments to be described in this communication arc concerned with the effects of mercurial diuretics and many other chemical agents on the behavior of malignant and normal cells of various types.
MATFRIALS AND METIIODS
Cells were obtained fi'om CAF~ mice carrying a 3 or 4 day old sarcoma 37 ascites; occasionally an older ascites was used. After aspiration from the peritoneal cavity with a sterile glass pipette, they were washed twice, centrifuged and resuspended in Hanks' balanced salt solution; usually cells from a number of mice were pooled. Aliquots of these cells were then placed in small petri dishes containing 10 ml. of Hanks' salt solution in which was dissolved the chemical agent being tested. Solutions were adjusted to pH 7.2-7.4, and the experiments, unless otherwise speciticd, were carried out at room temperature. The cells were mounted between slide and coverslip and examined with transmitted ligbt and phase microscopy. Eosin and neutral red were used as indicators of viability. A drop of eosin (0.15 per cent dissolx cd in Hanks' balanced salt solution) was added to a drop of the cell snspcnsion to be examined; the neutral red (1 20,000 or 1-40,000); however, was incorporated in the salt solution with the drug being tested.
In addition to sarcoma 37 ascites, a variety of other ascites tumors was employed. These were: sarcoma 180, Ehrlich carcinoma, and Krcbs-2 carcinoma carried in the CAFI mouse; hepatoma 134 (39) carried in the C3H/HeN strain; leukemia L1210 and the lymphocytic neoplasms P-288 (35) and P-388" carried in the Cdba strain; and hepatoma 7974 and the Yoshida sarcoma in the .IR rat.
A number of malignant human and animal cell lines grown in tissue culture were also used. These were carried in bottles in Eagle's medium containing 10 per cent horse serum. When growth was considered sufficiently abundant, the cells were scraped from the bottle with a rubber policeman, concentrated by gentle centrifugation, and distributed among the petri dishes containing the drugs being tested.
Cells from several normal organs from mouse, rat and rabbit were obtained by putting the organ through a tissue press, and making a cell suspension by diluting the resulting mash with Hanks' salt solution. Such suspensions contained many free cells and many aggregates of varying size. Aliquots of these cells were placed in petri dishes and used as described previously.
RESULTS
Sarcoma 37 ascites cells were prepared as described above and added to dishes containing the organic mercmial diuretic chlormerodrin (Neohydrin) in concenu'ations of M/I ,000 and M/500. When these cells were examined at varying intervals after immersion, ahnost all the cells in the course of 30 to 60 minutes had developed large, single blebs.
These blebs appeared to be elevations of the plasma membrane, ranging in size from the volume of a red cell for early blebs to those approximating the volume of the tumor cell, a size attained in 30 minutes or more. Because of their position the}, were designated "acentric" blebs ( Fig. 1 ). They were clear, optically emply * Kindly supplied by Dr. Michael Potter. structures, with a distinct interface between the bleb and the cytoplasm of the cell. During the course of the next hour or more, these blebs continued to increase in size, until almost the entire cell membrane was involved. At this point they were called advanced acentric blebs (Fig. 2) .
A number of additional organic mercurial diuretics were then tested and found to produce similar blebs. Nonmercurial diuretics,
i.e., acetazolcamide ( Diamox ), aminometramide (Mictine), chlorothiazide (Diuril) and hydrochlorothiazide (Hydrodiuril) were without this effect.
That the bleb-producing capacity of the above active compounds was related to their content of mercury was shown by experiments in which mercurous and mercuric chloride also gave typical acentric blcbs. Exposure to mercuric chloride produced these effects with extreme rapidity, blebs arising in 2 to 3 minutes after cell exposure, depending on the concentration.
In view of this striking response of sarcoma 37 ascites tmnor cells to compounds containing mercury, the question arose whether other heavy metals would similarly induce blebs.
When cells were exposed to compounds of silver, gold and copt)er ('Fable 1I), blebbing was again induced, but with these chemicals the blebs were now of a type in which the entire plasma membrane was uniformly elevated, creating a bleb that completely enveloped the celh These were called "'symmetrical" blebs ( Fig. 3) .
Thc bleb-producing compounds all had in common the prof)erty of combining with sulfhydryl groups. The strong affinity of mercurial compounds for protein-sulfhydryl groups with which they react stoichiometrically is well established (12) . Accordingly, compounds known to be capable of inactivating sulfhydryl groups were systematically tested for capacity to induce blebs.
One such group of compounds are the trivalent arsenicals.
YVhen ascites tumor cells were iminersed in solutions containing such chemicals, there was produced a third and still different type of bleb, in which the plasma membrane was lifted in a series of regular, small, spherical elevations which rapidly increased in number so as to cover the entire cell. These were referred to as "'scallop" blebs (Fig. 4) .
In contrast to the three types of blebs produced by the active agents, washed untreated cells could be immersed in isotonic balanced salt solution for many hours without forming these structures. The appearance of such untreated sarcoma 37 ascites cells after 5 hours immersion in Hanks' balanced salt solution is shown in Fig. 5 .
A considerable number of colnpounds, with and without heavy metal, have bccn examined for bleb-producing capacity; and many have exhibitcd the ability to induce one or another type of bleb.
In Table I are listed a number of compounds which produced acentric blebs; in Table I [ compounds which induced symmetrical blebs; in '['able III a number which induced blebs of the scallop variety. 'Fable IV lists some miscellaneous componnds which were inactive in this respect, even though some are known to be potent inhibitors of sulfhydryl groups.
The reason for this is not known. Perhaps lack of permeability, or "inaccessibility" of sulfhydryl groups due to spatial configuration was responsible for absence of aclivit.x.
As is also apparent from these tables, some discrepancies with regard to bleb type were obtained with certain of the mercury compounds. Ahhough these generally induced acentric blebs, p chloroinercuri compounds, merbromin (Mercurochrmne) and mcrsalyl (Salyrgan) produced swnmetrical blebs; while thimerosal (Merthiolate) gave rise to scallop blebs. It also appears that a sulfhydryl-binding agent can not only induce bleb formation but can in some way further alter the properties of the plasma membrane. This is illustrated by N-ethylmaleimide, which at first produced typical scallop blebs; but these rapidly increased in size to become elongated, distorted, sausage-like structures ~xith considerable plasticity (Fig. 6 ). These may detach fl'om the cell and float through the medium, assuming bizarre shapes while rapidly expanding and collapsing.
In addition to those of sarcoma 37, the cells of 6 additional mouse ascites tumors, 2 rat ascites tumors, plus 4 human malignant, 2 mouse malig nant and 3 normal cell lines grown i*~ vitro also yielded blebs of all three types when exposed to active bleb-forming agents. These cells and their bleb responses arc listed in Tables V and VI. Inspection of these tables discloses some dill'er ences in certain cases with regard to the type of bleb induced by a specific blebbing agent on a specific (:ell. The cells of Yoshida sarcoma, HcLa, D189, D164, and D227 produced acentric rather than symmetrical blebs in response to Protargol; P288 and leukemia L1210 tended to give rise to symmetrical and acentric blebs rather than acentrie blebs alone when exposed to Ncohydrin; and symmetrical plus acentric blebs rather than scallop blebs to both p-arsenosobenzoic acid and N-ethyl-maleimide. P288 yielded symmetrical rather than scallop blebs to both p arsenosobenzoic acid and N-ethyl-maleimide.
~l'hc significance of these differences in behavior is not apparent.
The induction of these cell blebs is independent of the tonicitv of the medium in which they are contained, i.e., bleb lormation is not due to changes in osmotic pressure per se. Ascites tumor ceils placed in Hanks' salt solution diluted to quarter strength with distilled water (about 40 mEq.) did not bleb spontaneously even after several hours. When such (:ells, immersed in strongly hypertonic salt solution (twice the strength of normal Hanks' solution, or about 300 mEq.), were exposed to a variety of blebbing agents, typical blebs were produced in each case. In addition, blebs could be induced even when a colloid was incorporated into the medium. Typical blebs arose readily when sarcoma 37 ascites cells were immersed in isotonic balanced salt solution containing active blcbbing agents plus 6 per cent gelatin, the incorporation of which normally tends to suppress spontaneous blebbing (5) .
These studies were generally performed without the use of glucose in the medium; but the incor t)oration of this substance in concentration of 10(/ rag. per 100 ml. did imt in anv way change the character of the blebbing response.
In further experiments it was shown that (:eli blebbing was prevented /)y adding cysteine or glutathione (M/250 M/500) to the medium. Also, bleb reversal occurred when ascites tumor cells, which bore one or the other of the three bleb types, were washed free of agent and t)laced in solutions containing either of these two substances. Similar experiments, which made use of methioninc, an amino acid lacking the sulfhydryl group, failed to act in this fashion.
Ahhnugh the experiments described above were carried out in ~,itro because of convenience and ease of manipulation, all three bleb types can be: readily and quickly induced in ~,ig, o upon injection of an appropriate blebbing agent intraperitoneally. When Protargol, Neohydrin, p arsenosobenzoic acid and N-ethyl-maleimidc were so administered, typical blebs were already present when ascites cells were aspirated and examined 5 to 15 minutes after drug injection. ()n the basis of the observations made in this stud,,, some distinctions may be noted with regard to the blabbing behavior of malignant and normal cells :
(1) All malignant (:ells, animal and hulnan, have the capacity to blab, either spontaneously or when induced by appropriate chemical agents.
(2) Ascites tumor cells do not blab spon taneouslv even after several hours of immersion in salt solution (Fig. 5) . However, when such cells are treated with suitable chemicals, they produce blebs of all three types, as described.
(.';) Malignant and normal cells grown in lissuc culture may bleb spontaneously; and both kinds of cells will produce the three types of blebs when exposed to suitable agents.
(4) The spindle cells of solid tumors, considered to be malignant, bleb spontaneously, yielding acentric blebs (40) . When treated with appropriate chemicals, they give rise to all three bleb types. The round cells of solid tumors, considered to be normal monocytes and macrophages (40) , bleb spontaneously only after several hours of immersion in salt solution. But when these cells are grown in tissue culture and treated with blebbing agents, they bleb freely and typically.
(5) Normal cells derived from solid organs bleb spontaneously only after several hours of immersion in salt solution. Such cells do not produce blebs even after 3 hours of exposure to blebbing agents. By comparison, sensitive cells will yield blebs in 15 to 60 minutes, depending on the chemical used.
Regardless of whether cells were induced to bleb in vitro or in vivo, these structures appeared to arise in undamaged cells; i.e., cells which did not stain pink with eosin, which stained typically with neutral red, and which otherwise appeared morphologically normal.
DISCUSSION
The phenomenon of spontaneous cellular blebbing is one which has been noted for many years.
Cell blebs (bulges, blisters, balloons) have been observed to arise in isotonic and hypertonic as well as in hypotonic salt solutions; to form over a range of temperature and pH; and to arise despite varying individually the concentrations of the inorganic constituents of the solutions in which the cells are immersed. They can be controlled by incorporating a colloid in the medium. The consensus is that blebs arise in healthy cells, both normal and malignant (5, 7, 23, 27 29, 41, 42, 52) .
The distinction between blebs that arise spontaneously and those described in this report is that the latter can be induced at will by exposure to various chemical agents; and the type of bleb (with some exceptions) is typical and constant for the agent used. The one characteristic shared in common by such bleb-producing substances is their affinity for protein sulfhydryl groups, some of them capable of preferentially blocking these groups in highly specific fashion. These properties have been abundantly established (12) .
Inactivation of sulfhydryl groups can be accomplished by oxidation, alkylation, or mercaptide formation. Each of the three bleb types described can be induced by chemical agents belonging to any one of these three categories.
The sulfhydryl group is a reactive and important entity occurring in almost all proteins, including many enzymes. The association of the blebbing phenomenon with sulfhydryl inactivation is supported by the specificity with which many of the active blebbing agents are regarded as strong--SH depressants (12, 2) , and by the experiments in which prevention or reversal of blebs was obtained by incorporating cysteine or glutathione in the medium, as previously described.
That one --SH-containing enzyme--succinic dehydrogenase--appears to be associated with the process of bleb formation is indicated by the production of acentric blebs in the presence of sodium malonate, a competitive inhibitor for this enzyme, and by the failure of blebbing cells to reduce a number of tetrazolium salts. The inability of azide, cyanide and fluoride to induce blebs (Table IV) indicates that other oxidationreduction enzymes like cytochrome oxidase, or Fe containing enzymes, or many glycolytic enzymes are not involved.
The production of these three types of blebs poses some interesting questions, not merely why they form, but why three kinds are formed. Also, do they imply a difference in kind or only in degree? A simple description of a bleb is that it results from an increase in cell volume; this, however, does not explain its cause. Is it due to more water being retained as a result of altered permeability and diminished capacity of the cell to utilize water and salt normally, coupled with a weakening of the cell surface, these phenomena being associated with a general (or specific) suppression of its sulfhydryl content? Possibly the most interesting of the blebs is the multiple or scallop type. Why are there so many, and is a different mechanism responsible for their formation as compared to the other two types?
Their formation may imply that the plasma membrane is organized morphologically and/or functionally in a repetitive, symmetrical fashion with regard to the permeability of water and salts. These scallop blebs bring to mind the "active patch" theory of permeability (13) . The symmetrical and acentric blebs may be expressions of a more severe but similar dislocation, involving all or a large part of the cell surface, respectively.
It is suggested that formation of the blebs described in this study is directly related to disruption of the role played by protein sulfhydryl groups in maintaining the structural and functional integrity of the plasma membrane and thereby its normal permeability.
This suggestion is supported by many observations linking inactivation of--SH groups to a variety of phenomena resulting in structural and functional changes. Examples of these include: (1) hemolysis of red cells by mercury compounds as a result of combination with sulfhydryl groups considered essential for maintenance of the structure of the intact erythrocyte (6); (2) transformation of free sulfhydryl groups to disulfide linkages governs the capacity of wool fibers to stretch (9); (3) sulfhydryl-disulfide interchange is used to explain aspects of protein denaturation, blood clotting and mitosis (24); (4) blockade of the sulfhydryl group in nerve results in loss of excitability and reduction of resting potential (44); (5) the sulfhydryl group plays an important role in the interaction of myosin and actin (1); (6) chemical inactivation of sulfhydryl groups may induce bacterial mutation (l 1). That -SH-containing compounds play an important part in metabolism generally has been increasingly apparent (3, 2) .
Although attention in this study of bleb formation has been focused primarily on the sulfhydryl group as implicated in the blebbing process, it is realized that this is but one parameter of what is undoubtedly a complex phenomenon, and one which is accompanied by many cellular changes. The nature of some of these changes may be inferred from experiments designed to study the effect of injury on Ehrlich ascites tumor cells by King et al. (25) .
They exposed these cells to Salyrgan, an organic mercurial diuretic also used in these studies (Table II) , and obtained blebs of the type we call acentric (Fig. 1) . They found that within 15 min. the cells had lost appreciable amounts of DNA and protein; and in 45 min. respiration, lactic acid production and dehydrogenase activity had ceased.
The relation between bleb formation and depression of various metabolic functions was not examined in this study. Doubtless, a general blockade of cellular sulfhydryl groups leads to much dislocation of various kinds in the cellular economy and eventually to death of the cell. The rapidity and extent of this process presumably would depend on the concentration of the blebbing agent used. However, as described previously, ascites tumor cells induced to bleb in a petri dish at room temperature or in the peritoneal cavity (a favorable environment) had, except for the blebs themselves, the appearance morphologically of healthy cells, and did not stain with eosin for relatively long periods.
The bleb has been used in this investigation as a convenient criterion or "marker" of changes in cell permeability, particularly to water. No measurements of intracellular salt content were made; but undoubtedly shifts in salt concentration occurred since it is known that the swelling of cells in the presence of an inhibitor is due to the uptake of sodium.
During the course of this study, 14 strains of malignant cells, animal and human, have been examined for their ability to form blebs when exposed to a variety of blebbing agents. In each case, blebs were elicited.
In contrast, cells from normal solid tissues of liver, lung, spleen, kidney, testis, and brain from mouse, rat, and rabbit failed to produce blebs when treated with blebbing agents. In this category also were cells from monkey kidney.
On the other hand, normal cells from whole mouse embryo, bovine embryo kidney, and monkey kidney which were grown in tissue culture all responded by blebbing typically when subjected to blebbing agents.
This was true also for the normal round cells of solid sarcoma 37 which ordinarily bleb only after prolonged immersion; but when this tumor is grown in tissue culture the round cells bleb typically when exposed to a blebbing agent.
Of interest in this regard are the experiments reported by Ellem (17) , in which ascites tumor cells and cells from normal solid tissues were treated with heterologous antiserum and blisters (blebs) produced. In 2 cases in which such blebbing was absent, the cells were those prepared from such solid tissues.
A possible explanation for the above phenomena may be related to the malignant state of the cell or to the manner in which the cell has been maintained. Every blebbing cell has been a malignant cell, or a normal cell grown in tissue culture, i.e., as a free or unattached cell and not as part of a solid aggregate.
In view of these observations, the questions may be asked: (1) Must a cell in the process of converting to the malignant state or adapting to independent growth in a new environment, be it the peritoneal cavity or a glass surface, in order to survive, undergo certain structural and functional changes in its plasma membrane with regard to permeability and other functions? (2) Are such change s reflected in its increased sensitivity to the action of a blebbing agent? This capacity to bleb readily may be a criterion of any malignant cell, or of a normal cell which has acquired the ability to exist independently.
Also, since it is now known that continued cultivation in vitro of normal cells may by itself in time lead to malignancy (26, 30) , such changes may be relevant in the process of conversion to the malignant state.
The authors are much indebted to Henry C. Orr for preparations of the tissue cultures used in these experiments. This study was presented in part at the Fifty-first annual meeting of the American Association for Cancer Research, April 10, 1960 . Received for publication, November 9, 1960. 
